Intra-annual nutrient (nitrogen, phosphorus, potassium, calcium and magnesium) flux was quantified for Pinus taeda L. at a nutrient-poor, well-drained sandy site in Scotland County, NC, USA where a 2 × 2 factorial of irrigation and nutrition was applied in four replications in a 10-year-old stand with 1200 stems ha −1 . Treatments were applied with the goal of providing optimum nutrition (no nutritional deficiencies) and water availability. Component (foliage, branch, stem and root) nutrient content was estimated monthly for 2 years using nutrient concentration and phenology assessments combined with destructive harvests. Positive flux values indicated nutrient accumulation in the trees while negative values indicated nutrient loss from the trees. Fertilization significantly increased nitrogen, phosphorus, potassium, calcium and magnesium flux 140%, on average, over non-fertilized. Irrigation significantly increased calcium flux 28% while there was no significant irrigation effect on nitrogen, phosphorus, potassium or magnesium. Maximum nutrient fluxes (kg ha −1 day −1 ) for non-fertilized and fertilized stands were 0.36 and 1.05 for nitrogen, 0.042 and 0.095 for phosphorus, 0.13 and 0.51 for potassium, 0.27 and 0.42 for calcium, and 0.04 and 0.12 for magnesium, respectively. Maximum flux was coincident with ephemeral tissue (foliage and fine root) development and likely would be higher in stands with more foliage than those observed in this study (projected leaf area indices were 1.5 and 3.0 for the non-fertilized and fertilized stands). Minimum nutrient fluxes (kg ha −1 day −1 ) for non-fertilized and fertilized stands were −0.18 and −0.42 for nitrogen, −0.029 and −0.070 for phosphorus, −0.05 and −0.18 for potassium, −0.04 and −0.05 for calcium, and −0.02 and −0.03 for magnesium, respectively. Minimum fluxes were typically observed in the dormant season and were linked to foliage senescence and branch death. Foliage and branch component nutrient contents were out of phase for nitrogen, phosphorus, potassium and magnesium, indicating nutrient retranslocation and storage in branches prior to foliage development and after foliage senescence. In contrast to current operational fertilizer programs which often target winter application these data suggest the best application times would be during foliage development.
Introduction
Effects of resource availability in the form of added nutrients and water have been examined across a wide range of spe cies including radiata pine (Pinus radiata D. Don), Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies L. Karst.), lob lolly pine (Pinus taeda L.), Eucalyptus grandis (Hill ex Maid.), maritime pine (Pinus pinaster Aït in Soland) and Eucalyptus clones (Axelsson and Axelsson 1986 , Benson et al. 1992b , Bergh et al. 1999 , Albaugh et al. 2004 , Campion et al. 2006 , Trichet et al. 2008 , Stape et al. 2010 . Growth effects have been dramatic in some cases with increases in annual produc tion of more than four times the control growth even though the primary limiting resource (nutrients or water) may be dif ferent for different species or locations for the same species.
This annual growth was driven by physiological processes that were examined at a different time step (seconds to months rather than years) (e.g. Myers and Talsma 1992 , Murthy et al. 1996 , Bergh et al. 1998 , Maier 2001 . At these sites, water fluxes were reported at an annual scale for total precipitation or irrigation and for less than annual time steps as, for exam ple, incoming precipitation, available soil water, mean daily water use, volumetric water content or daily canopy transmit tance (Myers and Talsma 1992 , Murthy et al. 1996 , Ewers et al. 1999 . Annual nutrient fluxes (nutrient additions or com ponent pool sizes) were reported for these sites as well (Benson et al. 1992a , Linder 1995 , Campion et al. 2006 , Albaugh et al. 2008 , Trichet et al. 2008 , Stape et al. 2010 , while nutrient fluxes on a shorter time step were less com monly reported and were focused on an individual plant com ponent when they were reported. For example, Stockfors and Linder (1998) found that stem respiration was correlated with stem nitrogen content but concluded that stem surface area may be the best basis for expressing respiration in young Norway spruce. Maier (2001) found that seasonal changes in nitrogen content would result in significant changes in mainte nance respiration and recommended expressing maintenance respiration as a function of nitrogen content for loblolly pine. We found no reports of nutrient flux (change in nutrient con tent) at a stand scale for all plant components for a time step of <1 year. However, for sites where nutrients were the pri mary limiting resource (Benson et al. 1992b , Bergh et al. 1999 , Albaugh et al. 2004 ) this information would be valuable in understanding how the detailed (short time step) physiol ogy measures influenced the annual productivity.
At sites where water was limited, water may have been the primary limitation (Campion et al. 2006 , Stape et al. 2010 , water limitations may have been secondary to nutrient limita tions (Albaugh et al. 2004) or there may have been a fertilizer by water interaction (Benson et al. 1992b , Bergh et al. 1999 . Growth may have been limited because lack of water reduced the amount of time the stomata were open thus reducing photo synthesis (Landsberg and Sands 2011) . Similarly, the water limitation may manifest itself as a nutrient limitation where there is insufficient water for mass flow or diffusion for the nutrients to move to the plant and growth is reduced Axelsson 1986, Marschner 1986) . Nutrient flux into the plant has been related to times when water availability (rainfall and soil moisture) was highest even though dry matter produc tion was not reduced during dry periods as a result of nutrient flux among plant components (Fife and Nambiar 1982 , Fife and Nambiar 1984 , McGrath and McArthur 1990 . Water limi tations may also influence foliage elongation and foliage lon gevity both of which may alter nutrient flux with in a growing season (Landsberg 1986a , Tang et al. 1990 , Hennessey et al. 1992 . These limitations could be examined by quantifying the nutrient fluxes within a season.
Fertilization has been used as a management tool around the world; perhaps no area has utilized this tool in recent years to the extent as the southeastern USA where up to 600,000 ha year −1 of pine (mostly loblolly) were fertilized in the past decade (Albaugh et al. 2012) . However, recent fertilizer mate rial price fluctuations where prices more than doubled in less than a year combined with a general reduction in forest prod ucts prices over the last 10 years emphasize the importance of improving fertilization practices to increase fertilizer applica tion efficiency (USDA Economic Research Service 2010, Timber MartSouth 2010). Nitrogen and phosphorus are the most common limiting nutrients in loblolly pine in the south eastern USA (Fox et al. 2007 ); other nutrients may be limiting but reports of these limitations are less common. Response to potassium and calcium fertilization has been reported for weathered sandy soils in the coastal plain (Kyle et al. 2005 , Fox et al. 2007 . At the same time, it is likely when nitrogen and phosphorus limitations are ameliorated that other nutrients may become limiting (Liebig's law of the minimum; Landsberg and Sands 2011) . Nitrogen is typically applied as urea which is susceptible to ammonia volatilization and may result in losses up to 80% of the applied nitrogen (Kissel et al. 2004 , Cabrera et al. 2010 , Zerpa and Fox 2011 ; however, products are avail able to limit volatilization (Whitehurst and Whitehurst 2004, Zerpa and Fox 2011) . Nevertheless, reported P. taeda uptake efficiency (amount measured in the crop tree compared with amount applied) for nitrogen ranged from 0 to over 60% (Blazier et al. 2006 , Albaugh et al. 2008 , while ecosystem retention (amount measured in the crop trees, litter and soil compared with amount applied) of nitrogen and phosphorus exceeded 80% of applied on a range of soils in studies where competing vegetation was completely eliminated , Albaugh et al. 2008 ). Given that current estimates of nutrient uptake efficiency are <100%, information about intra annual nutrient fluxes may lead to better timing of nutrient application to periods of plant nutrient demand, consequently improving nutrient uptake efficiency. Efforts to improve uptake efficiency would likely be rewarded by reducing the total mate rial applied to get the same growth response. Similarly, under standing differences in the timing of uptake among nutrients may reduce application costs if all limiting elements can be applied during one visit to a stand.
Studies of nutrient pools and flux commonly examine eco system fluxes where the pools of interest are the plant, soil, bedrock and air over a relatively long time step (1 year) (Attiwill and Adams 1993, Kozlowski and Pallardy 1996) . However, no work has been found that focuses on the nutrient flux of the plant in detail (changes in pool size among plant components) over a shorter time step (<1 year) on a stand scale (per hect are). Information at this scale would improve our understanding of how short time step physiology measures influence annual productivity; how water influences nutrient flux; the best time to apply nutrients; and how time of year influences ecosystem flux measurement. To address these issues, we examined three hypotheses for nitrogen, phosphorus, potassium, calcium and magnesium in a loblolly pine experiment in the southeastern USA where nutrient and water availability were manipulated. Our hypotheses were fertilization will increase nutrient flux for all applied nutrients throughout the year; irrigation will increase nutrient flux for all applied nutrients during periods when irriga tion occurs; and all nutrients will have maximum flux at the same time.
Methods
Our goal was to measure nutrient (nitrogen, phosphorus, potas sium, calcium and magnesium) flux by component (branch, foli age, stem and roots) on a monthly basis for two growing seasons across a range in nutrient and water availability. In gen eral, we measured component nutrient concentrations monthly, estimated component stand scale biomass from dormant sea son (January) destructive tree harvests and measured compo nent phenological development biweekly. We estimated monthly component biomass using the phenological measures and the biomass estimates and quantified monthly nutrient content as the product of the monthly mass and nutrient concentration estimates. We estimated nutrient flux for each element as the change in nutrient content on a daily basis plus litterfall nutrient content plus fine root mortality nutrient content.
Study site
The study was established in Scotland County, North Carolina, USA (35°N latitude, 79°W longitude) on a flat, infertile, welldrained, sandy, siliceous, thermic Psammentic Hapludult soil (Wakulla series) (US Department of Agriculture 1999). Sixteen 50 m × 50 m (0.25 ha) treatment plots with 30 m × 30 m measurement plots centered in the treatment plot were installed in January 1992, in an 8yearold loblolly pine stand with about 1200 stems ha −1 . Treatments were a 2 × 2 factorial combination of nutrition and water additions replicated four times. The nutrition treatments, which began in March 1992, were (i) optimum nutrition and (ii) no addition. Optimum nutri tion was defined as maintaining a nitrogen concentration of 1.3% in the upper canopy foliage of codominant or dominant trees with other nutrients (phosphorus, potassium, calcium and magnesium) balanced with nitrogen. Also, foliar boron lev els were maintained at >12 mg kg −1 . Foliar nutrient status was monitored and fertilizer was applied annually to meet the stated target (Table 1 ). Materials applied included urea, boron coated urea, ammonium sulfate, diammonium phosphate, triple super phosphate, potassium chloride, dolomitic lime, Epsom salts, Sophomag and borax. In 1995, fertilizers were applied on 2 March (Day 61) and the 1996 application was on 25 March (Day 449). Water treatments, which began in April 1993, were (i) natural precipitation and (ii) natural precipita tion plus irrigation to apply, in practice, about 650 mm year −1 during the growing season (1 March to 31 October) ( Table 1) . Competing vegetation was eliminated through a combination of mechanical and chemical (directed spray of glyphosate) meth ods in all treatments.
Stand measurements
Annual winter (December) measurements of height (H), diam eter at breast height (1.4 m) (D), height to live crown and assessments of mortality were made on all trees (~100 trees per plot) in each measurement plot. Basal area was calculated for each tree, summed to the plot level and scaled to an area basis. Each year in late August to early September we esti mated peak stand leaf area index (projected) using the LiCor LAI2000 Plant Canopy Analyzer (LiCor 1991). In each plot, 20 leaf area index measurements along a transect on the south side of the plot were made at a height of 60 cm between 07:00 and 10:00 Eastern Standard Time using a 90° view cap. Simultaneous above canopy light measurements were col lected in an open field adjacent to the study site where the light sensor had an unobstructed view of the sky. The 20 mea surements were averaged to estimate peak leaf area index for each plot.
Nutrient concentrations
Foliage, branch, stem and root samples were collected each month from April 1995 to December 1996. Each month, seven Intra-annual nutrient flux in Pinus taeda 1239 fully elongated fascicles were collected from seven trees per treatment plot. Foliage was collected from two crown positions for each of three foliage cohorts (1994, 1995 and 1996) . The crown positions were from a branch initiated in the first flush of the previous year and from a branch initiated in the first flush 2 years in the past. For example, we collected 1994 first flush foliage growing on a 1993 first flush branch, and on a 1992 first flush branch. Current year foliage was not collected until after the new foliage had elongated (June or July). Depending on the time of year, each month did not have all sets of foliage. For example, in the late fall, winter and early spring after senes cence of the older foliage and before development of the new foliage, only one foliage cohort was collected. Stem and branch material were collected from five dominant trees in each treatment plot. A secondary branch growing on a primary branch in the mid to upper third of the crown was removed, and the nonfoliated portion of the branch was col lected. Ten cores (4.3 mm diameter × 2 cm long) were col lected from each tree for stem and bark samples. Using an increment borer, cores were taken in a spiral around the stem with a range in collection points of 0.2 to 2.5 m from the ground. Cores were separated into bark, current year and pre vious year tissues. Over time, trees that no longer had useable stem area or branches were dropped, and new ones were added as required; only two trees per plot were changed on any one sampling date.
Root samples were collected from five soil cores (15 cm diameter × 15 cm deep) in each treatment plot. Roots were removed from the soil and separated into fine root (<2 mm diameter) and coarse root (≥2 mm diameter) classes. Live and dead roots were retained for the fine root class production and mortality calculations (Fairley and Alexander 1985) while only live roots were retained for the coarse root class. Loss on igni tion analysis of root samples provided a correction factor for soil in each sample. We measured nutrient concentration on the monthly live root samples. For dead fine roots, we used the same nutrient concentrations for all measurement dates based on Crook's (1995) thesis where there were no significant dif ferences in dead fine root concentration across measurement dates and no evidence of retranslocation. For dead fine roots we used 0.6, 0.06, 0.1, 0.2 and 0.04% for nonfertilized con centrations and 1.0, 0.09, 0.1, 0.3 and 0.07% for fertilized concentrations for nitrogen, phosphorus, potassium, calcium and magnesium, respectively.
Immediately after collecting the tissue (foliage, branch, stem and root), samples were placed in a labeled paper bag and kept at −35 °C on dry ice (in a cooler in the field) or in a freezer (in the laboratory). Samples were freeze dried, weighed and ground and a 200 mg subsample was separated for nutri ent analyses. The remaining samples were maintained at −35 °C for carbohydrate analysis which was previously reported (Sampson et al. 2001 , Ludovici et al. 2002 .
Loblolly pine foliage litter was collected each month from eight 1 m 2 litter traps located randomly within each measure ment plot. Litter was dried at 70 °C to a constant mass and weighed. Samples were ground, and a 200 mg subsample was separated for nutrient analyses.
All tissue (foliage, branch, stem, root and litter) samples were composited by plot and analyzed using a CHN analyzer (NC2100 Elemental Analyzer, CE Instruments) for nitrogen (CE Instruments 1997) and a nitric acid digest and ICP (Varian Liberty II ICPAES, Palo Alto, CA) analysis for the other ele ments (Huang and Schulte 1985) . A subset of the tissue nutri ent concentration data was previously reported (Price 2000) .
Biomass
We estimated foliage by cohort, and branch, stem, coarse root and tap root mass annually in the dormant season for 1995, 1996 and 1997 using the methods detailed in Albaugh et al. (2004) . Trees were cut at the ground line and separated into stem, bark and foliage by cohort and branch. The tap root was extracted and coarse roots (≥2 mm diameter) were excavated in a 1 m 2 pit centered on the tree. Additional coarse root exca vations in 1 m 2 pits between trees sampled roots down to 290 cm. These harvests included 68 trees for aboveground components. Fortythree of the 68 had their tap root and the 1 m 2 pit at the tree base excavated. There were 48 between tree excavations. Regression equations were developed from the destructive harvests to estimate tree scale component biomass from a combination of diameter at breast height, height, live crown length, treatment and age. Tree scale esti mates of component mass were calculated using the annual growth measures and the biomass regression equations. These data were summed to the plot level and scaled to an area basis.
Phenology
Fascicle development and fascicle abscission were measured following Stow et al. (1992) . We measured fascicle develop ment of the 1995 and 1996 cohorts. We examined 1995 foli age on a first flush 1993 branch and 1996 foliage on a first flush 1995 branch on five dominant trees in each of the 16 plots (total of 80 branches each year). We assessed fascicle development by averaging the measured length of three undamaged fascicles from the middle of each flush on the selected branch bimonthly from March to October and monthly the remainder of the year. The number of fascicles produced on each flush was recorded in the late summer (August and September) of the year the foliage was produced. We mea sured fascicle abscission on the 1994, 1995 and 1996 cohorts by counting surviving fascicles monthly (January through August) and bimonthly (September through December) on the branches described above. A foliage index was derived as the product of fascicle length and number for each date summed by flush for each cohort. After maximum fascicle length was achieved (at the end of the initial growing season), the maxi mum length was used in the foliage index calculation until all foliage had abscised from the measured branch. While fascicle mass did change after maximum length was achieved the weight fluctuations were small (<10% of fascicle mass) until senescence. Senescence typically occurred quite quickly with <2 weeks passing from green foliage to dead brown foliage that was still attached but had abscised (the fascicle would drop if touched). This dead brown foliage had about 75% of green fascicle mass. The changes in fascicle mass would have little effect on using the foliage length index rather than a mass based index to estimate changes in foliage mass because the changes in foliage mass were driven by the change in fascicle number. Relative foliage growth for each cohort was the fasci cle index at a given time divided by the maximum fascicle index:
where RG was the relative growth at time t, FI t was the fascicle index at time t and FI max was the maximum foliage index for that cohort. These values were averaged by plot and measure ment period. Branch basal diameter 2 cm from the stem, branch length, tree diameter at breast height and tree height were measured on the same 80 branches and trees used for the foliage phe nology measurements. Measurements coincided with the fas cicle development measurements. A branch and stem volume index was calculated as
where V was the branch or stem volume index, D was the branch or stem diameter and H was the branch length or tree height. These values were averaged by plot and measurement period. Each year (1995 and 1996) relative branch or stem growth for a given time was calculated as
where RG was the relative growth at time t, V t was the branch or stem volume index at time t and V max was the maximum branch or stem volume index for that year. Coarse root diameter of three roots in each of the 16 plots was measured every 2 weeks in 1995 and 1996. The selected roots represented the range in coarse root diameter at the start of the study. These values were averaged by plot and measurement period. Each year (1995 and 1996) , relative coarse root growth for a given time was calculated as
where RG was the relative growth at time t, RD t was the coarse root diameter at time t and RD max was the maximum coarse root diameter for that year. We used Fairley and Alexander's (1985) method to estimate plot level fine root production and mortality on a dry weight basis using the root core samples after scaling the data to a 50 cm depth using Mignano's (1995) scaling factor. Fairley and Alexander (1985) used a mass balance method and a decision matrix to estimate fine root production.
Nutrient content
We estimated nutrient (nitrogen, phosphorus, potassium, cal cium and magnesium) content for each component (foliage by cohort, branch, stem, coarse and tap root) as
where T t was the component nutrient content at time t, EC t was the component elemental concentration at time t, B was the component biomass increment for the year and RG t was com ponent relative growth at time t. We linearly interpolated between relative growth measurement dates to merge with the concentration data when the tissue collections and the growth measurements did not occur on the same day. We used the relative growth estimate for coarse root for the tap root calcu lation. We estimated live fine root nutrient content as
where T LFRt was the live fine root nutrient content at time t, EC t was the component elemental concentration at time t and FR t was the fine root production at time t. We estimated fine root mortality nutrient content as
where T DFRt was the fine root mortality nutrient content at time t, EC t was the component elemental concentration and DR t was the fine root mortality at time t. See above for fertilized and nonfertilized nutrient concentrations which were the same on all dates for the dead fine root component. We estimated litter nutrient content as
where T Lt was the litter nutrient content at time t, EC t was the component elemental concentration at time t and LM t was the litter dry mass at time t.
Nutrient flux
We estimated total nutrient content for each element for the tree as 
where TNC was the total nutrient content and T 94F , T 95F , T 96F , T B , T S , T CR , T TR and T LFR were the component nutrient content for the 1994, 1995 and 1996 foliage cohorts, branch, stem, coarse root, tap root and live fine root, respectively, for each date. For a given element, the change in nutrient content (ΔNC) on a daily basis was estimated as
where ΔNC t was the change in nutrient content at time t, TNC t and TNC t−1 were the total nutrient content at time t and t − 1, respectively, and DOY t and DOY t−1 were the number of days since 1 January 1995, corresponding to time of t and t − 1, respectively. Nutrient flux for each element was the change in nutrient content on a daily basis plus litterfall nutrient content plus fine root mortality nutrient content, also expressed on a daily basis, so that
where NF t was the whole-plant nutrient flux at time t, ΔNC t was the change in nutrient content at time t, T Lt , and T DFRt were the litterfall and fine root mortality nutrient content, respectively, at time t, and DOY t and DOY t−1 were the number of days since 1 January 1995, corresponding to time of t and t − 1, respec tively. Positive flux values indicated nutrient accumulation in the tree while negative values indicated nutrient loss from the tree. We refer to fluxes as maximum (large positive values indicating nutrient accumulation) and minimum (large negative values indicating nutrient loss).
Statistical analyses
We examined diameter at breast height, height, basal area, leaf area index and stocking using analysis of variance for the year end data in 1994, 1995 and 1996. For component nutrient content and nutrient flux, comparisons over time were analyzed as repeated measures using mixed models with an autoregres sive structure where treatments (nutrients and water) were considered a fixed effect (Littell et al. 1998 , Fordred 2006 . All statistical tests were evaluated with α = 0.05.
Results
Fertilizer significantly increased diameter at breast height, height, basal area and peak leaf area index in 1994, 1995 and 1996 (Table 2) . Irrigation significantly increased height in 1995 and 1996 and diameter at breast height in 1996. No significant treatment effects were observed for stocking. Height growth averaged 0.7 and 1.2 m year −1 while diameter at breast height growth averaged 1.1 and 1.5 cm year −1 for the nonfertilized and fertilized treatments, respectively. For all components measured except for fine root produc tion, component mass in the fertilized treatments was approxi mately up to two times greater than the component mass found in the nonfertilized treatments (Figure 1 ). However, there was little treatment separation for fine root production (Figure 1b) . Irrigation typically resulted in a small increase in mass for a given fertilized treatment except for coarse root, where the irrigated treatment coarse root mass for a given level of fertilization was ~50% greater than the nonirrigated treatment (Figure 1d ). The order from highest to lowest observed component mass was 1994 and older stem, branch, tap root, coarse root, 1995 stem, 1996 stem, 1995 foliage, 1994 foliage, 1996 foliage, bark, litter and fine root produc tion. The greatest fluctuation in mass was found with 1995 foliage where the mass went from zero at the beginning of the study to maximum amounts up to 6000 kg ha −1 near the mid dle of the study and back to near zero by the end of the study. Other components displaying large fluctuations were the 1994 foliage, 1996 foliage, 1995 stem and 1996 stem.
Foliage and fine root nitrogen, phosphorus, potassium and magnesium concentrations were generally in the same range and were higher than the concentrations for the other plant components (Figures 2-4 and 6, respectively). Foliage and fine root calcium concentrations were in the same range; how ever, litterfall calcium concentrations were up to two times higher than those found in the foliage and fine root compo nents ( Figure 5) . Typically, the lowest component nutrient con centrations were found in the 1994 and older stem and the tap root material (Figures 2g-6g) . The fertilized treatment usually had higher nitrogen, phosphorus and potassium concentra tions for most tissue components than the nonfertilized treat ments (Figures 2-4) . There was little separation in tissue concentrations due to irrigation at a given level of fertilization for these elements. Calcium concentrations were higher in the nonfertilized treatments for 1994 and 1995 foliage (Figure 5j and k), 1995 and 1996 stem (Figure 5h and i) , branch, bark and litterfall components (Figure 5a, c and f) . Magnesium con centrations in fine root tissue were higher in the fertilized plots compared with nonfertilized plots (Figure 6b ). However, in the 1994 and 1995 foliage there were measurement dates where the nonfertilized plots had higher tissue concentrations than the fertilized plots (Figure 6j and k) .
Total nitrogen content (sum of foliage, branch, stem and root) ranged from 53 to 100 and 156 to 279 kg ha −1 in the nonfertilized and fertilized treatments, respectively (Figure 7a-d) . Foliage, branch, stem and root components rep resented 38, 15, 18 and 30% of total nitrogen content, respec tively. Fertilizer significantly increased nitrogen content for all components and irrigation significantly increased nitrogen con tent for the root components (Table 3, Figure 7a-d) . The measurement date by fertilizer interaction was significant for all components except for branch indicating the magnitude of increase in nitrogen content due to fertilization fluctuated over time for these components.
Total phosphorus content ranged from 7 to 12 and 16 to 31 kg ha −1 in the nonfertilized and fertilized treatments, respectively (Figure 7e-h) . Foliage, branch, stem and root components represented 29, 16, 18 and 37% of total phos phorus content, respectively. Fertilizer and irrigation signifi cantly increased phosphorus content for all components (Table 3, Figure 7e -h). A significant fertilizer by irrigation inter action was observed for branch and root components, where a greater phosphorus content was found in fertilized plots when irrigation was added (Figure 7f and h) . The measurement date by fertilizer interaction was significant for foliage and root com ponents indicating the magnitude of increase in phosphorus content due to fertilization fluctuated over time.
Total potassium content ranged from 30 to 56 and 75 to 143 kg ha −1 in the nonfertilized and fertilized treatments, respectively (Figure 7i-l) . Foliage, branch, stem and root com ponents represented 26, 14, 21 and 38% of total potassium content, respectively. Fertilizer significantly increased potas sium content for all components and irrigation significantly increased potassium content for the foliage, branch and root components (Table 3, Figure 7i -l). The measurement date by fertilizer interaction was significant for all components, indicat ing the magnitude of increase in potassium content due to fer tilization fluctuated over time.
Total calcium content ranged from 23 to 57 and 35 to 94 kg ha −1 in the nonfertilized and fertilized treatments, respectively (Figure 8a-d) . Foliage, branch, stem and root components represented 12, 23, 28 and 36% of total calcium content, respectively. Fertilizer and irrigation significantly increased calcium content for all components (Table 3, Figure 8a -d). The measurement date by fertilizer interaction was significant for foliage, branch and stem components and the measurement date by irrigation interaction was significant for branch, indicating the magnitude of increase in calcium content due to fertilization and irrigation fluctuated over time for these components.
Total magnesium content ranged from 8 to 16 and 17 to 35 kg ha −1 in the nonfertilized and fertilized treatments, respectively (Figure 8e-h) . Foliage, branch, stem and root components represented 17, 21, 22 and 40% of total magne sium content, respectively. Fertilizer significantly increased magnesium content for all components and irrigation signifi cantly increased magnesium content for foliage, branch and root components (Table 3, Figure 8e -h). The measurement date by fertilizer interaction was significant for all components, indicating the magnitude of increase in magnesium content due to fertilization fluctuated over time.
Intra-annual fluctuations in nutrient content were evident in the foliage component for all nutrients examined where content was relatively high during the growing season and relatively low during the dormant season in each year (Figures 7a, e and i, and 8a and e). Similar fluctuations but with less magnitude were Intra-annual nutrient flux in Pinus taeda 1243 observed in all nutrients for the branch component (Figures 7b, f and j, and 8b and f). However, foliage and branch fluctuations were typically out of phase where foliage content was relatively high when branch content was relatively low (e.g., Figure 9 ). The branch content is high at the start of the growing season each year (Days 135 and 492) when the foliage is just begin ning to develop. Later in the year as the foliage develops and foliage nutrient content increases (Days 170-283 and 583-639), branch nutrient content decreases. When foliage begins to lose nutrient content and senesce (Days 311 and 674), branch nutrient content again increases. While total nutrient content for all nutrients was greater at the end of the study than at the beginning, intra-annual fluctuations in foliage and branch nutrient content were greater than the difference between the start and end nutrient content for these components.
Over the entire study, fertilizer significantly increased nitro gen, phosphorus, potassium, calcium and magnesium fluxes into the stand 106, 195, 181, 64 and 158%, respectively (Table 4) . Irrigation significantly increased calcium flux 28% but did not have a significant effect on the flux of the other nutrients (Table 4 ). The fertilizer × measurement date interaction was significant for nitrogen, potassium and magnesium (Table 4) . Nitrogen flux ranged from −0.16 to 0.36 and −0.42 to 1.05 kg ha −1 day −1 for the nonfertilized and fertilized treat ments, respectively (Figure 10a ). On measurement dates 170, 492, 548 and 583, fertilized treatment nitrogen flux was signifi cantly greater than nonfertilized, while on measurement dates 311 and 703 it was significantly less than non-fertilized (Table 5 and Figure 10a ). Phosphorus flux ranged from −0.029 to 0.042 and −0.070 to 0.095 kg ha −1 day −1 for the non fertilized and Table 3 . Repeated-measures summary of fixed effects (Pr > F) for component (foliage, branch, stem, root and the sum of these as total) nutrient (nitrogen, phosphorus, potassium, calcium and magnesium) content (kg ha -1 ) in P. taeda. Content was measured over a 2year period where DOY was the number of days since 1 January 1995, and fertilizer and irrigated were treatments added to eliminate nutrient and water deficiencies, respectively. Values in italics are <0.05. fertilized treatments, respectively (Figure 10c ). Phosphorus flux in the fertilized treatment was significantly greater than nonfertilized on measurement date 220 (Table 5 and Figure 10c ). Potassium flux ranged from −0.05 to 0.13 and −0.18 to 0.51 kg ha −1 day −1 for the nonfertilized and fertilized treat ments, respectively (Figure 10b ). On measurement dates 135, 548 and 612 fertilized treatment potassium flux was signifi cantly greater than nonfertilized while on measurement date 703 it was significantly less than non-fertilized (Table 5 and Figure 10b ). Calcium flux ranged from −0.04 to 0.27 and −0.05 to 0.42 kg ha −1 day −1 for the nonfertilized and fertilized treat ments, respectively (Figure 10e ). On measurement dates 548 and 639, fertilized treatment calcium flux was significantly greater than non-fertilized flux. Magnesium flux ranged from −0.02 to 0.04 and −0.03 to 0.12 kg ha −1 day −1 for the nonfer tilized and fertilized treatments, respectively (Figure 10d ).
Magnesium flux in the fertilized treatment was significantly greater than nonfertilized on measurement dates 135, 198, 220, 548 and 612 (Table 5 and Figure 10d ). Maximum flux occurred on measurement day 170 (June 19) or 220 (August 8) for nitrogen, phosphorus, potassium and magnesium in the fertilized plots in the first year (Figure 10a-d) . Maximum calcium flux occurred on Day 339 (5 December) in the first year (Figure 10e ). In the second year, maximum flux was on Day 548 (2 July) for nitrogen and potassium, Day 612 (4 September) for calcium and magnesium and Day 492 (7 May) for phosphorus.
Discussion
Nutrient flux varied throughout the year for all nutrients exam ined. These data do not support our first hypothesis. While the Intra-annual nutrient flux in Pinus taeda 1251 Figure 7 . Nitrogen content (kg ha −1 ) in foliage (a), branch (b), stem (c) and root (d); phosphorus content (kg ha −1 ) in foliage (e), branch (f), stem (g) and root (h); and potassium content (kg ha −1 ) in foliage (i), branch (j), stem (k) and root (l) during 20 months from April 1995 to December 1996 for P. taeda stands where control, irrigated, fertilized and fertilized and irrigated (Fert + Irri) treatments were applied. Error bars represent plus or minus one standard error.
fertilizer effect was significant for all nutrients (Table 4) , when examining individual measurement dates for a given nutrient at most only 6 of the 20 measurement dates showed a signifi cant fertilizer effect (Table 5 ). Phenology data indicated that the flux patterns were associated with foliage development. For example, there were three periods of relatively high nitro gen flux in the second year (on Days 492 (7 May), 548 (2 July) and 583 (6 August)) and high flux rates for the other nutrients were also observed around these times. These dates corresponded to first, second and third flush foliage develop ment for Day 492 (7 May), Day 548 (2 July) and Day 583 (6 August), respectively. Nutrient content is the multiplication of concentration and mass and flux is the change in content. Consequently, it was likely that foliage was a main driver to plant nutrient flux because the foliage component had the highest nutrient concentrations and exhibited considerable change in mass over a short period of time during develop ment. While foliage was a strong driver for nutrient flux in this species, foliage may be less important in other species. Loblolly pine typically has only two foliage cohorts at any one time while other species have more cohorts; for example, P. sylvestris may have 4 cohorts (Linder and Axelsson 1982) and P. abies could have >10 cohorts (Muukkonen and Lehtonen 2004) . In species with more cohorts the amount of nutrients in an individual cohort may be less than that found in loblolly even though productivity could be the same and consequently other plant components may have a greater influence on flux in those species.
While fine root development was generally synchronized with foliage development (King et al. 2002) and fine roots had nutrient concentrations similar to foliage, fine root mass was the lowest mass of all components (Figure 1) . However, our root coring method may have resulted in an underestimate of fine root mass. King et al. (2002) measured fine root develop ment at our site using minirhizotrons and found the net produc tion on roots <1 mm in diameter was increased with fertilization. Bakker et al. (2009) found that while their <1 mm root produc tion was increased in a fertilization and irrigation study in P. pinaster this effect did not hold for the entire <2 mm root frac tion. Linder and Axelsson (1982) reported no treatment effects on mass of roots <1 mm diameter in a P. sylvestris stand where irrigation and fertilization were applied for 3 years. These reports give confidence that our core estimates of fine root mass were reasonable. Our changes in root content were more a function of the large change in mass associated with the coarse and tap roots (Figure 1 ) even though the nutrient con centrations for these roots were low relative to fine roots. Based on our results the contribution of fine roots to total plant flux at any time appears relatively small. These fluxes altered nutrient content such that the intraannual changes were greater than the yearend to yearend differences. While flux was coincident with foliage and fine root development, other phenomena occur simultaneously. For example, foliage development coincided with high tempera ture, long day length and high soil microorganism activity. Nutrient fluxes could also be high in the fall when temperatures would be lower, day length shorter and soil microorganism activity less than they were in the summer, indicating that the fluxes were not controlled by environmental conditions per se although environmental conditions certainly influenced plant activity (Karlsson and Nordell 1989) . At the same time, the fluxes did not appear to be directly related to fertilization events. No spike in nutrient flux was observed in the measure ments immediately after the application dates, providing fur ther evidence that the fluxes were driven by plant activity. This agrees with other work where nutrient uptake depends on the plant's need (a demand driven regulation mechanism) for a given nutrient rather than the nutrient concentration in the soil (Imsande and Touraine 1994) . Similarly, flux may be depen dent on suitable environmental conditions where flux only occurs when there is adequate water availability (Fife and Nambiar 1982) .
Even though large positive fluxes were linked to ephemeral tissue development, both positive and negative fluxes were observed for all nutrients throughout the year. Negative fluxes for all nutrients were typically observed during fall (Days 270-360, and 630-720 corresponding to October, November and December) and winter (Days 360-450 corresponding to January, February and March). Fall negative fluxes were likely related to foliage senescence given the high nutrient concen tration and mass associated with the foliage component. The negative winter fluxes may be related to generally low plant activity from low air and soil temperatures at those times (Landsberg 1986b) . However, while little dimensional growth occurred at this time, the trees were active and did photosyn thesize throughout the winter (Murthy et al. 1996 , Gough et al. 2004 ) and carbohydrate stores did increase (Ludovici et al. 2002) . Evidence also suggests that another phase of fine root growth may be initiated at this time of year (February-March) (King et al. 2002) . Given this plant activity it is somewhat Intra-annual nutrient flux in Pinus taeda 1253 Table 4 . Repeated-measures summary of fixed effects (Pr > F) for intraannual nutrient (nitrogen, phosphorus, potassium, calcium and magne sium) flux (kg ha −1 day −1 ) in P. taeda. Flux was measured over a 2year period where DOY was the number of days since 1 January 1995, and fertil izer and irrigated were treatments added to eliminate nutrient and water deficiencies, respectively. Values in italics are <0.05. surprising that we observe negative fluxes at this time. This phenomenon may be a result of branch death in the bottom of the canopy. Branch longevity was measured on an annual basis with assessments completed in January and February each year, and personal observation during the measurements indi cated that branch death regularly occurred in this time period. All branch nutrient contents were relatively low at this time, providing support for this hypothesis; however, intraannual assessments of branch demography would be needed to con firm it. Alternatively, because our intra-annual assessments of branch phenology were completed on branches in the upper part of the crown, the loss of branches was captured only in our annual biomass assessments, so the winter negative fluxes may be an artifact of our estimation procedure. Fertilization increased flux by 140% averaged over all nutri ents while irrigation resulted in a significant increase in flux only for calcium (28%), so supplying nutrients in this nutrient limited system clearly had an effect on nutrient flux. The fertil ization treatment more than doubled annual productivity at this site; however, there were no differences in fine root production on a mass basis or pool sizes between the fertilized and non fertilized treatments (Mignano 1995 , Albaugh et al. 2004 ) and we did not observe differences in phenology among the treat ments. The increase in nutrient flux apparently occurred with the same amount of fine roots; consequently, nutrient flux per unit of fine root must have been higher in the fertilized treat ments. Other work found similar results where annual productivity was significantly increased with fertilization but changes in fine root mass were not detected (Linder and Axelsson 1982, Bakker et al. 2009 ). An increase in root plasma membrane enzyme activity coincident with high nutrient avail ability may explain how flux may vary given the same fine root pool size between treatments (Iivonen and Vapaavuori 2002) .
Our results for calcium support the second hypothesis that irrigation will increase nutrient flux; however, results for the other elements do not support the hypothesis. Increased nutri ent flux was expected from irrigation because of increased transpiration-driven mass flow during dry periods or from increased diffusion in the soil especially for elements like cal cium that rely on mass flow for uptake (Marschner 1986) . Nutrient flux appeared largely unrelated to water availability except for calcium even though water balance for this site indi cated occasional water deficits between April and October when irrigation was applied and an annual deficit during the study of <150 mm year −1 (Albaugh et al. 2004) . Apparently, ambient precipitation (around 1300 mm year −1 during the study) and resulting soil water conditions were sufficient to pro vide enough water for the nutrient flux even with nutrient addition.
While estimates of annual nutrient flux have been reported for many species including P. taeda (Benson et al. 1992b , Bergh et al. 1999 , Campion et al. 2006 , Albaugh et al. 2008 , Trichet et al. 2008 ), we did not find reports of whole-tree intra-annual fluxes at the stand scale. Previous work found similar timing of nutrient flux, where nitro gen accumulation and uptake efficiency in P. taeda were greatest in the summer and fall, suggesting that the observed responses were related to foliage growth flushes, maximum soil temperatures and evapotranspiration occurring during these times (Blazier et al. 2006) . In P. abies and Fagus grandifolia L., nitrogen uptake was correlated with soil temperature and maximum uptake occurred during the summer (Gessler et al. 1998 ). However, other work indicated that nutrient uptake capacity for nitrogen, potassium, calcium and magnesium was generally lowest in the summer (July) for P. taeda (Lucash et al. 2005) . As mentioned earlier, literature on nutrient flux typically focused on ecosystem nutrient fluxes with an exami nation of air, plant, litterfall, soil and bedrock pools and fluxes Intra-annual nutrient flux in Pinus taeda 1255 Figure 10 . Intra-annual nitrogen (a), potassium (b), phosphorus (c), magnesium (d) and calcium (e) flux (kg ha −1 day −1 ) for nonfertilized and fertil ized treatments during 20 months from April 1995 to December 1996 for P. taeda stands where control, irrigated, fertilized and fertilized and irrigated (Fert + Irri) treatments were applied. Error bars represent plus or minus one standard error. (Attiwill and Adams 1993, Kozlowski and Pallardy 1996) . Our results for plant and litterfall indicated that when examining ecosystem nutrient fluxes the timing of ecosystem component sampling would influence the outcome. Plant samples collected to examine ecosystem nutrient fluxes during periods of rela tively high plant nutrient flux or rapidly changing plant content may result in different conclusions than if collected during peri ods with relatively low plant flux and more stable plant content. The nutrient flux rates observed here may not be the maxi mum achievable in loblolly pine. Flux was associated with foli age development; the nonfertilized and fertilized stands had achieved peak leaf area indices of ~1.5 and 3, respectively. Loblolly pine leaf area indices have been reported as high as 5.5-6.5 (Samuelson et al. 2004 , Sword Sayer et al. 2004 , Borders et al. 2004 . Leaf area indices at those levels would result from an increase in foliage mass and consequently nutri ent content for a given foliage cohort. Similarly, the growth increment for other plant components would increase, also resulting in increased tree nutrient content. Doubling leaf area index would likely require close to a doubling in foliage mass and consequently nutrient content (Albaugh et al. 2004) . With the additional growth to stem, branch and root components associated with the higher leaf area index, and assuming the flux patterns followed those in this study, flux rates in a stand with leaf area around 6 could be up to twice that reported here. At the same time, our fertilized flux rates for a given nutri ent were achieved when other elements were not limiting. In situations where nutrients were applied but other elements remained limiting, observed flux rates may not reach levels similar to those we observed.
Our data provide mixed support for our third hypothesis that all nutrients would have maximum flux at the same time. Nitrogen, phosphorus and magnesium followed similar flux pat terns while maximum fluxes for potassium and calcium were earlier than (1 month) and later than (2 months) the other ele ments, respectively. However, given that nitrogen is the pri mary limiting nutrient for most P. taeda stands in the southeastern USA (Fox et al. 2007 ), application of the other elements at the same time as nitrogen should still provide good results in an operational setting. Operational fertilization programs are typically conducted in the winter and early spring to avoid losses due to understory vegetation, microbial popula tions and ammonia volatilization (Blazier et al. 2006) . Understory vegetation grows in the summer and microbial populations are most active when soil temperatures are higher (Li et al. 2005) . Timing operational nitrogen applications to foliage development during summer when conditions favorable to volatilization (high relative humidity and moist soils) are common will require use of urease inhibitors to minimize vola tilization loss (Zerpa and Fox 2011) . Our nutrient applications were completed in March (late winter/early spring) following the timing for a typical operational prescription. Evidence sug gests that elevated available nitrogen levels begin within <20 days and continue for up to 150 days after fertilization (Mudano 1986 , Elliot 2006 , so it was likely our applications coincided with at least part of summer foliage development. Shifting to fall operational nitrogen applications to match with fine root development would be possible (King et al. 2002) ; however, overall flux into the tree during fall fine root development may be limited or at least less than summer application because the timing is coincident with foliage senescence and developing foliage is a strong sink for nutrients especially nitrogen (Marschner 1986, Zhang and . Another advantage of applications timed to positive nutrient fluxes would be the possibility to improve nutrient recovery rates or uptake effi ciency by requiring less fertilizer applied to get the same amount of nutrients into the trees.
Nutrient retranslocation is apparent between foliage and branch tissues (Figure 9 ). Nutrient retanslocation into current year foliage is also evident in our data; however, because we show total foliage content rather than foliage content by cohort, these changes are not readily apparent but they do agree with results from the literature Proe 1993, Zhang and . These patterns appear to hold for the more mobile nutrients, nitrogen, phosphorus and potassium and for the less mobile magnesium, but not for calcium. This agrees with a previous work where nutrient retranslocation estimates linked with senescence ranged from 64 to 86% for nitrogen, phosphorus and potassium (Zhang and Allen 1996 , Piatek and Allen 2000 , Albaugh et al. 2008 . Calcium and magnesium retranslocation estimates were 5-14% and 16-28%, respectively Allen 1996, Albaugh et al. 2008) . The nutrient movements between branch and foliage are likely driven by P. taeda foliage longevity where foliage typically survives in the year it is produced and then the sub sequent year before senescence (Kinerson et al. 1974) . In species with longer foliage life spans (e.g., spruce), nitrogen was retranslocated to and stored in roots and older foliage cohorts (Millard and Proe 1992) as well as current year foli age (Millard and Proe 1993) . Retranslocation from foliage may be linked to times other than when foliage is senescing in the fall; withinseason nutrient retranslocation in foliage has been found in P. radiata where nutrients move from previous flushes to the current growing flush in the same foliage cohort (Fife and Nambiar 1984) . Loblolly pine also has multiple flushes within a year and this phenomenon may have occurred in our study; however, our sampling did not permit examination of this issue. In light of evidence suggesting that nutrients in senesced foliage remain in the litter layer until harvest or other major disturbance (Piatek and Allen 2001) and are conse quently no longer available to the trees, the retranslocation of nutrients is an effective strategy for insuring adequate nutri ents for additional growth.
